Physical habitat features of low-gradient (channel slope < 2 %) stream reaches during fall and winter varied with elevation and drainage area a s well as between years in the Medicine Bow Mountains, southern Wyoming. The extent of snow cover increased and surface ice decreased during winter with increasing elevation and declining drainage area. At high-elevation (> 3,200 m above mean sea level), the streams were small and entirely bridged by snow and had no surface ice, and flows were a small proportion of the average annual flow (QAA). Moderate-sized, middle-elevation (2,444 -3,149 m) streams were not bridged by snow and had patches of surface ice and snow a s well a s open water on pools and riffles, and flows were a n intermediate proportion of QAA. Larger streams at the foot of the mountains (2,242 -2,374 m) had no snow cover, pools were entirely covered by surface ice, and flows were a relatively high proportion of QAA. Variation in discharge and physical habitat features occurred between the two years, especially a t middle and low elevations.
INTRODUCTION
With progression from fall to winter, mountain streams experience ice cover, snow cover, or a combination of both (Chisholm et al. 1987 , Berg 1994 ) affecting flow characteristics and physical habitat conditions. Surface ice forms on the super-cooled surface of water and generally begins to form a t the sides of a stream and expands to create partial or total ice cover (Ashton 1979) . Surface ice can impair flows and alter water depths and current velocities, resulting in physical habitat during winter that is quite different from fall. Snow accumulation, especially a t high elevations, can completely cover small streams. Because snow is an insulator from extremely cold air, extensive snow cover can dissipate surface ice formed early in the winter and create snow bridges across aThe Unit is jointly supported by the University of Wyoming, Wyoming Game and Fish Department, U.S. Geological Survey, and Wildlife Management 1nstiGte. bCurrent address: Habitech, 4 10 East Grand Avenue, Laramie, Wyoming 82070. streams (Chisholm et al. 1987) . Elevation and stream size can have pronounced effects on flow regimes, ice formation, and snow accumulation associated with mountain streams, but the influence of these and physical habitat features within streams is not clearly defined.
Two basic habitat types exist in low-gradient montane streams (pools and riffles). Pools are typically characterized by slow-moving, deep water and are considered the most suitable habitat for large trout (Fausch 1984 , Maki-Petrays et al. 1997 , especially during winter Power 1986, Chisholm et al. 1987) . Riffles have shallow, fast-moving water and contain rocky substrate which provides protection from current and predators for small trout (Heggenes 1988) , habitat for aquatic invertebrates used as food by trout, and spawning sites for adult trout.
Our purpose was to gain insight into the sources of variation in winter habitat conditions among low-gradient (< 2% channel slope) reaches of montane streams in the Central Rocky Mountains. Our specific objectives were to assess spatial (elevation and stream size) and temporal (different years) sources of variation in discharge, water depth, water velocity, ice formation, and snow accumulation among pools and riffles over an array of low-gradient stream reaches representing the ranges of elevations and stream sizes generally found in the Central Roc& Mountains.
METHODS
This study was conducted in the Medicine Bow Mountains in southeastern Wyoming (Thybony et al. 1986 ). High-elevation areas of the Medicine Bow mountains receive in excess of 125 cm of precipitation annually, most of it in the form of snow during the winter. Adjacent valleys receive 20 -25 cm of precipitation, and stream flows are dependent on runoff from adjacent mountains. Fisheries in streams on the Medicine Bow Mountains are dominated by introduced populations of brook trout (Salvelinus fontinalis) and brown trout (Salmo trutta) with allopatric populations of brook trout at high elevations and syrnpatric populations of brook trout and brown trout a t lower elevations.
The geomorphology of the Medicine Bow Mountains in southern Wyoming provide low-gradient reaches over a wide range of elevations and stream sizes, which allowed for control of channel slope in this field study. Eight sites were selected for study in low-gradient reaches (channel slope < 2.0 %) representing the range of sizes and elevations of perennial streams in the Medicine BOW Mountains (Table 1 ). All sites were in immediate proximity to active stream-flow gaging stations maintained by the U.S. Geological Survey or University of Wyoming that gather data year round. Upstream drainage area and elevation (meters above mean sea level) were computed for each site using U.S. Geological Survey topographic maps (1 :24,000 scale).
A pool-riffle complex was selected a t each site, and a single transect was located across both the pool and the riffle. The ends of transects were marked with steel pins that were driven into the bank, and the top of the pins were leveled using a surveyor's level and stadia rod. Measurements of habitat features were made a t 10 or more equidistant points across each transect with the same points measured during each sampling period. Wetted width was measured across each transect.
Water depth and mean water column velocity were measured a t each sampling point. Mean water column velocities were measured a t 0.6 of the water depth using a current meter with top-setting rod. Snow depth and surface ice thickness were measured a t each point. At ice-covered points, a n ice auger was used to drill a hole so measurements could be made.
Discharge was estimated using measured depths and mean column velocities following Brooks et al. (1991) . Estimated discharges were normalized by dividing the measured values by the average annual discharge for that site (Petts and Foster 1985) . Flow duration curves were constructed for annual flows, a s well a s fall (October-December) and winter (January-March) using the period of record for five of the study streams: Lararnie River, Little Laramie River, Rock Creek, North Brush Creek, and South Brush Creek. Data on winter flows in the other three streams were too sporadic to compute flow duration curves. Flow duration curves describe flows in terms of how frequently a particular value has been equaled or exceeded during the period of record.
Habitat features were measured at all sites in October 1993 and 1994 and January 1994 and 1995. Transects across a riffle and a pool of two additional riffle-pool complexes were added a t three sites (South Brush Creek, Nash Fork Creek a t Brooklyn Lodge, and Little Lararnie River) in 1995 to assess variation in physical habitat over a short reach. Linear-regression analysis was used to define relations between average annual discharge (QAA), elevation, and measurements of physical habitat features. Analysis of covariance was used to assess differences in physical habitat features between habitat types and sampling years with elevation as the covariate. Significance was determined a t P < 0.05 for all tests. Data were analyzed using STATISTIX 4.1 (Analytical Software 1994).
RESULTS
Discharges measured during each visit were compared to the average annual flow (QAA) over the 12 -55 years of record depending on the site (Table 1) . Measured discharges during October 1993 were 13 -50%, January 1994 were 10 -35%, October 1994 were 11 -30%, and January 1995 were 5 -28% of QAA. There was a tendency for measured discharges to be higher in October than in January. In October 1993 seven sites had higher flows than in January 1994, but equal flows occurred a t one site. In October 1994, five sites had higher flows than in January 1995, but three sites had lower flows. These three sites were among the four lowest elevation sites. October 1993 flows were higher than October 1994 flows at all eight sites, and January 1994 flows were higher than January 1995 flows at five of eight sites.
Measured discharges in October and January (Table 1) were compared to flow duration curves for fall and winter. During October 1993 measured discharges a t four of the five sites were values exceeded Discharge, mean wetted width, mean water depth, and mean water velocity were correlated with each other, as well a s with drainage area and elevation. As drainage area decreased and elevation increased, discharge, mean wetted width, mean water depth and mean water velocity declined in both pools and riffles (Table 1) . During winter, mean ice depth and the proportion of the wetted width covered by ice declined with elevation; mean snow depth and the proportion of the wetted width covered by snow increased with elevation.
Because of the correlations between habitat features and elevation, analysis of covariance was used to evaluate differences in habitat features between October and January, study years, and habitat types using elevation a s the covariate. Significant differences between October and January occurred in mean wetted width, mean water depth, and mean water velocity in both pools and riffles during both years of the study, with higher values in October than in January (Table 1) . Differences between 1993 -1994 and 1994 -1995 were significant for mean wetted width, mean water depth, and mean water velocity in both pools and riffles.
During January 1994, mean snow depth was significantly greater than in January 1995 on both pools and riffles (Table 1) . Mean ice depth did not differ between years.
Three sites (Little Laramie River, Upper Nash Fork Creek, and South Brush Creek) had three sets of pool-riffle complexes over which transects were measured in each habitat type during October 1994 and January 1995. No significant differences in mean wetted width, mean water depth, or mean water velocity were found within individual habitat types a t any of the sites in October or January. Similarly, no significant differences in mean ice depth or mean snow depth were observed.
DISCUSSION
Physical habitat conditions in low-gradient reaches of Rocky Mountain streams differ a s a result of variation in elevation and stream size, as well a s differences in discharge and weather conditions among years. In general, as elevation increases, stream size decreases and precipitation and snow accumulation increase. Elevational trends in physical habitat features of mountain streams during winter have been described by Chisholm et al. (1987) in Wyoming and Berg (1994) in California. Chisholm et al. (1987) studied a similar range of elevations and stream sizes within the same mountain range a s this study and found similar patterns in winter conditions, but their work was limited to a single year. Berg (1994) studied streams a t much lower elevations (710 -2,120 m) and observed trends that differed from our sites. As elevation increased among the mountain streams in California, ice thickness increased.
Stream flows during winter showed some patterns relative to elevation and stream size. During winter all precipitation a t highelevations comes a s snow and there is no surface runoff, so stream flows are maintained by the inflow of groundwater from a relatively small watershed. Consequently, winter stream flows are low relative to the average annual flow. Within the study area, the highest elevation site with a drainage area of only 4 km2 had January flows that were only 8% of the average annual flow. Conversely, larger streams a t low elevations receive some surface runoff during winter when warm weather melts snow a t low elevations, and they have a large watershed from which groundwater can percola.te into the stream and maintain stream flows during winter. Within the study area, the lowest elevation site with a drainage area of 1,124 km2 had January flows that were 24 -30% of the average annual flows, four or more times that a t the highest elevation. These general patterns appear to be similar to other montane stream systems (Swanston 199 1) .
Physical habitat during winter a t high elevations, such as the site at 3,206 m, appears to be relatively stable a s a result of the extensive snow cover. Snow bridges insulate against cold and exclude surface ice. Surface ice that forms before the snow accumulates does not continue to grow through the winter, but disappears because of the thermal insulation provided by snow. The channel beneath the snow is freeflowing throughout the winter with no impacts from various forms of ice (Chisholm et al. 1987) . Very stable physical habitat conditions exist throughout the winter at high elevation sites with little variation in discharge, no growth of surface ice, and no fluctuations associated with thawing and freezing during winter. A potential source of variation in physical habitat conditions and fish mortality during winter at highelevations could be the collapse of snow bridges spanning the stream with associated impacts on discharge, water depth, and water velocity upstream and downstream from the point of collapse Slater 1944, Needham and Jones 1959) . However, we observed no evidence of the collapse of snow bridges during winter. Limiting factors for trout in small streams at high elevations during winter are probably low discharges that limit space for juvenile and adult trout in small shallow pools and dewatering of rifpes in which redds occur with incubating embryos of fall-spawning brook trout and in which aquatic invertebrates are produced to supply food for trout.
While variation in habitat features was related to both QAA and elevation, there were similarities among some adjacent sites along the elevation gradient. The patterns suggested three elevation classes among the eight sites: low (2,252 -2,374 m), middle (2,444 -3,149 m), and high (3,206 m). Each class exhibited different physical features during winter, with the most obvious differences being ice and snow thickness. There was no snow at the three low-elevation sites a t the foot of the mountains, moderate amounts of snow at the four middle-elevation sites (range on pools = 20 -48 cm in 1994 and 16 -44 cm in 1995), and extensive snow accumulation at the high-elevation site (245 cm in 1994 and 214 cm in 1995 on pools). Ice formation showed an opposite trend among the three elevation classes. There was extensive formation of surface ice across the entire wetted width of pools at low-elevation sites (mean ice thickness, range = 19 -35 cm in 1994 and 11 -37 cm in 1995 on pools), patches of surface ice on pools extending from shoreline into the stream channel at middle-elevation sites (mean ice thickness, range = 3 -7 cm in 1994 and 5 -10 cm in 1995), and no surface ice extending from the shore under the snow cover at the high-elevation site in both 1994 and 1995. Snow bridging occurred across the relatively small stream (mean wetted width = 2.1 m in 1994 and 1.8 m in 1995 across pools) at the high-elevation site, but it did not occur across moderately sized streams (range = 3.5 -5.1 m in 1994 and 2.9 -5.5 m in 1995 across pools) at middle-elevation sites with lesser amounts of snow.
In comparison to high-elevation sites, the physical habitat features of middle-elevation sites are unstable during the winter. Middle-elevation sites frequently have few areas where snow bridging occurs. Instead, snow accumulates on the banks and overhanging shelves of snow occur along the stream margins. We frequently observed where snow bridges and shelves along the stream had broken loose and fallen into the stream. Middle-elevation sites have patches of surface ice, occurring mostly as relatively thick ice formations attached to the margins of low-velocity areas, such a s pools and transition areas. Such ice formations frequently alter the pools and transition areas from being relatively deep with slow-moving water to even deeper with fast-moving water.
Substantial areas of open water occurred within riffle areas. A s a result of the lack of snow and ice cover and the presence of relatively large areas of open water during winter, the flowing water at middle-elevation sites can experience super-cooling during very cold nights leading to the formation of anchor ice and frazil ice (Benson 1955 , Brown et al. 1993 . Anchor ice is a slushy ice that forms on super-cooled underwater objects, such a s boulders, and grows from them. Anchor ice can build up, block the flow of water, and disturb the substrate when it breaks up (Gard 1961). Frazil ice is composed of small crystals suspended throughout the water column (Needham and Jones 1959) , and it can fill large portions of the stream channel and inhibit flow (Cunjak and Caissie 1993) . Anchor ice and frazil ice can have severe effects on the availability of physical habitat and aquatic organisms (Maciolek and Needham 1952, Brown and Mackay 1995) . These ice forms are highly ephemeral, forming during the night and often dissipating during the day, and they cause substantial variation in physical habitat features over relative short reaches of stream and periods of time.
The dynamics of the physical habitat at low-elevation sites differ from upstream areas in several ways. Surface ice generally extends across pools and transition areas, and there is essentially no snow accumulation on the surface of the stream. At the margins of pools and transition areas, surface ice often extends all the way from the water surface to the streambed, narrowing the channel to deepen the water and increase its velocity. Growth of surface ice can lead to the loss of substantial amounts of winter habitat for juvenile and adult trout (Cunjak and Randall 1993) . Johnson et al. (1982) worked on a stream of similar size and elevation and found that pools used by trout in the winter frequently had extensive portions of their volume filled with surface ice, thereby impacting the quantity of usable winter habitat. Ice encroachment from the stream surface into the substrate of riffles and transition areas between riffles and pools where trout may have spawned (Reiser and Wesche 1987) can directly freeze incubating eggs or eliminate interstitial water flow needed to supply oxygen and carry away waste products. Riffle areas at low-elevation sites are not entirely covered by surface ice. During periods of intense cold weather, large cobble extending above the surface of the water can act a s nuclei for the formation of surface ice and anchor ice. As ice grows from cobble in riffles, it can dam the stream blocking the flow of water into riffles and enhancing the water depth in pools, thereby causing short-term variation in physical habitat conditions.
